Chronic pain after nerve injury is often accompanied by hypersensitivity to mechanical stimuli, 17 yet whether this reflects altered input, altered processing, or both remains unclear. Spinal nerve 18 ligation or transection results in hypersensitivity to mechanical stimuli in skin innervated by 19 adjacent dorsal root ganglia, but no previous study has quantified the changes in receptive field 20 properties of these neurons in vivo. To address this, we recorded intracellularly from L4 dorsal 21 root ganglion neurons of anesthetized young adult rats, 1 week after L5 partial spinal nerve 22 ligation (pSNL) or sham surgery. One week after pSNL, hindpaw mechanical withdrawal 23 threshold in awake freely behaving animals was decreased in the L4 distribution on the nerve 24 injured side compared to sham controls. Electrophysiology revealed that high threshold 25 mechanoreceptive cells of A fiber conduction velocity (A-HTMRs) in L4 were sensitized, with a 26 7-fold reduction in mechanical threshold, a 7-fold increase in receptive field area, and doubling 27 of maximum instantaneous frequency in response to peripheral stimuli, accompanied by 28 reductions in after hyperpolarization amplitude and duration. Only a reduction in mechanical 29 threshold (minimum von Frey hair producing neuronal activity) was observed in C fiber 30 conduction velocity HTMRs. In contrast, low threshold mechanoreceptive cells were 31 desensitized, with a 13-fold increase in mechanical threshold, a 60% reduction in receptive field 32 area, and a 40% reduction in instantaneous frequency to stimulation. No spontaneous activity 33 was observed in L4 ganglia, and the likelihood of recording from neurons without a mechanical 34 receptive field was increased after pSNL. These data suggest massively altered input from 35 undamaged sensory afferents innervating areas of hypersensitivity after nerve injury, with 36 reduced tactile and increased nociceptive afferent response. These findings differ importantly 37 3 from previous preclinical studies, but are consistent with clinical findings in most patients with 38 chronic neuropathic pain. 39 KEY WORDS: Chronic pain model, in vivo electrophysiology, sensory neurons, spinal nerve 40 ligation 41 42 1983; Kajander et al. 1992), but whether input from intact afferents is altered has been less well 56 studied. 57
INTRODUCTION 43
In humans, neuropathic pain includes both spontaneous and evoked pain, often 44 accompanied by hypersensitivity to normal nociceptive stimuli (hyperalgesia) and normally non-45 nociceptive stimuli (allodynia). This pathological condition is also sometimes accompanied by 46 dysesthesias and paresthesias (von Hehn et al. 2012 ), suggesting that both tactile and nociceptive 47 information channels and/or processing are disrupted. 48
Animal models of neuropathic pain typically involve surgical damage to peripheral 49 nerves, and hypersensitivity to mechanical stimuli is commonly used to assess the development 50 and magnitude of the neuropathological condition. Withdrawal to a stimulus in the behaving 51 animal relies on mechanical activation of intact cells from neighboring ganglia innervating the 52 dermatome of testing. Paradoxically, most studies have focused on the axotomized rather than 53 the undamaged sensory afferents. Ectopic discharges from these axotomized cells are speculated 54 to drive spontaneous pain and long lasting central sensitization (Kirk 1974 ; Wall and Devor 55 7 4.08, 4.31, 4.56, 4.74, 4.93, 5.18, 5.46, and 5.88 corresponding to 0.5, 0.9, 1.7, 3.7, 5.5, 8.0, 12.4, 112 21.5, and 53.0 grams, respectively. This was done 3 times with a positive response determined 113 by brisk withdrawal of the foot from the filament. The force resulting in withdrawal with a 50% 114 probability of withdrawal (termed withdrawal threshold by convention) was determined using 115 the up-down method as previously described (Chaplan et al. 1994) . Withdrawal thresholds were 116 determined before pSNL and 1 week after pSNL. All animals were included in the data analysis, 117 and no animal in the study had a wound dehiscence or infection during the study. 118
Electrophysiology. A week after pSNL or Sham surgery and behavioral assessment, rats were 119 deeply anesthetized with isoflurane 3%. The trachea was intubated and animals ventilated using 120 pressure controlled ventilation (Inspira PCV, Harvard Apparatus, Holliston, MA) with 121 humidified oxygen. Heart rate was monitored throughout as a guide to depth of anesthesia. 122
Anesthetized animals were immobilized with pancuronium bromide (2 mg/kg) and inspired 123 isoflurane maintained at 2% throughout the study (Tevan Pharmaceutics, USA). As illustrated in 124 The electrophysiological recordings from L4 DRG neurons were limited to a maximum 134 duration of 4250 sec (70.8 min) in order to diminish the likelihood that experimental 135 manipulation would result in sensitization and to allow equal time to search for afferents in Sham 136 and pSNL animals. DRG soma were impaled with borosilicate microelectrodes (80-250 MΩ) 137 containing 1 M potassium acetate. Intracellular penetrations with a resting membrane potential of 138 ≤ -40 mV were characterized further. DC output from an Axoclamp 2B amplifier (Axon 139 Instruments/Molecular Devices, Sunnyvale, CA) was digitized and analyzed off-line using 140 Spike2 (CED, Cambridge, UK). Sampling rate for intracellular recordings was 21 kHz 141 throughout (MicroPower1401, CED). 142
In this study, both cells with Positive mechanically sensitive Receptive Field (P-RF) and 143
No mechanically sensitive Receptive Field (N-RF) were included. Only cells capable of 144 generating a somatic AP (by current somatic injection, 25 and 500 ms pulses) and with 145 impalements stable long enough to adequately explore the full extent of the skin at the L4 146 dermatome (>2 min) were included. Unexcitable cells (stable impalements of more than 5 min 147 with steady Em ≥-40 mV but unexcitable to peripheral mechanical stimuli and intrasomal 148 injection of current) were noted for general statistical purposes only. 149
Cellular classification protocol. To identify the RF, the skin was searched applying gentle 150 pressure with a fine-tipped brush. For non-responding afferents, subsequent searches used 151 increasingly stiffer probes and finally sharp-tipped watchmaker forceps. Afferents with 152 cutaneous RFs were distinguished from those with deep RFs by displacing skin to ensure that 153 RFs tracked rather than remained stationary. Mechanical thresholds were characterized with 154 calibrated von Frey filaments (Stoelting, Wood Dale, IL) with the mechanical threshold being 155 the minimum von Frey hair producing neuronal activity. The cellular classification process was 9 performed in a sequential manner and by the combination of multiple parameters to narrow down 157 a given afferent identity. For example: response to brushing = high sensitive mechano → rapidly 158 adapting (RA) response + mechanical threshold (MT) < 1.6 mN= low threshold mechano 159 receptor (LTMR) → response to single hair displacement + conduction velocity (CV) >5 m/s 160 =LTMR-fast conducting hair (Hair). The same step-by-step procedures were used for every 161 recorded cell and when in conflict, additional test and evaluations were performed (e.g., presence 162 of post stimuli discharge and presence of spontaneous activity). The result of these procedures 163 was combined with specific cellular properties (action potential [AP] shape and somatic passive 164 characteristics) to assign every cell into one of three simplified categories: LTMR, AHTMR, 165 CHTMR, based on the strongest defining characteristics (Boada et al. 2011) obtained by stimulating the RF at the skin surface using a bipolar electrode (0.5 Hz); this was 201 performed following all natural stimulation to prevent potential alterations in RF properties by 202 electrical stimulation. All measurements were obtained using the absolute minimum intensity 203 required to excite neurons consistently without jitter; this variability (jitter) in the AP generation 204 latency (particularly at significantly shorter latencies), seen at traditional (i.e., two-to three-fold 205 threshold) intensity has been presumed to reflect spread to more proximal sites along axons. Any 206 neuron with jitter was rejected (3 cells). Stimuli ranged in duration from 50 to 100 µs; utilization 207 time was not taken into account. Conduction distances were measured for each afferent on 208 termination of the experiment by inserting a pin through the RF (marked with ink at the time of 209 recording) and carefully measuring the distance to the DRG along the closest nerve. 210
Maximal Instantaneous Frequency response (IF max).
Since it is extremely difficult to deliver a 211 controlled mechanical stimuli (both force and duration) we used "IF max" rather than firing rate 212 as another parameter to detect a change in the response characteristics of these neurons. IF max 213 was defined as the reciprocal of the minimum interval between impulses in response to 214 suprathreshold mechanical stimulation of the cellular RF. number and location of "spots" with the highest sensitivity (lowest threshold responses) and 218 absolute RF area (mm 2 ) at threshold intensity. Values where obtained by tracing the cellular RF 219 on the skin to later establish absolute area. The area measurements were performed using 220 StereoInvestigator 7.0 (MicroBrightField Inc, Williston, VT) that was supported by an Olympus 221 BX51 microscope and a digital camera (Microfire A/R, Optronics, Goleta, CA). The perimeter of 222 the traced the RF was captured at 4× magnification, Stereoinvestigator automatically calculated 223 the area of the traced RF. 224
Data Analysis. Data are presented as appropriate to their underlying distributions with mean and 225 SEM for normally distributed data, and median and range for non-parametric data. For 226 behavioral withdrawal analysis a 2 way ANOVA was performed with experimental group as a 227 between subjects factor and pre and post surgery as a repeated measures factor. Correction for 228 multiple comparisons was made when appropriate. Prior to analysis of electrophysiologic 229 variables, we examined the assumption that measurements taken on neurons from the same 230 animal are independent of one another (i.e., that neurons selected randomly across animals are as 231 similar as those from within animals) using the intraclass correlation (ICC). For all 232 measurements, the ICCs <0.22, indicating support for the independence assumption; thus, all 233 analyses were conducted assuming each neuron represented an independent measurement of 234 others taken from the same animal. An interim power analysis was conducted at N=68 cells to 235 examine effect sizes and cell representation. It was determined that the total sample size of 236 N=136 cells was needed to provide 80% power assuming a two-sided α=0.05 and to detect an 237 effect size of d=0.43 SD. 238
Differences between cell population proportions in the sham and pSNL groups were 239 examined using Chi-square. Differences in the distributions between sham and pSNL groups for 240 scaled measurements were examined using Mann-Whitney U. 241
To accomplish the exploratory aims of this study, we designed statistical analyses that 242 interpret hypotheses in light of the number of comparisons needed to examine the pool of 243 hypotheses. To accomplish this, we report hypothesis tests that are adjusted using Holm's step-244 down procedure (p<0.05/the number of remaining inferences to be tested in that family). We 245 applied the adjustments within a family of comparisons (i.e., all electrical measurements in one 246 cell type is one family) and report this with each analyses. 247
RESULTS 249
Effect of pSNL on withdrawal threshold to hindpaw stimulation. Withdrawal threshold prior to 250 surgery did not differ between groups (population means = 21.8 ± 2.1 g). One week after surgery 251 withdrawal threshold ipsilateral to pSNL (4.4 ± 0.5 g) was significantly lower compared to sham 252 surgery animals (22.2 ± 2.0 g (p<0.01)). In contrast, withdrawal threshold contralateral to 253 surgery did not differ between groups and did not differ from pre-surgery baseline (data not 254 show). 255
Effects of L5 pSNL on the properties of intact L4 DRG sensory neurons. The distribution of cells 256
recorded and analyzed by group in the study is diagrammed in Figure 2 and detailed in the text 257 below. Of note, the likelihood of impaling cells which met passive membrane property 258 definitions but which were not excitable was considerably increased in recordings from animals 259 after pSNL group as was the likelihood of impaling cells that were excitable, but for which a 260 mechanical RF could not be identified. Additionally, a larger proportion of LTMR cells in the 261 pSNL did not meet criteria for hair, D-hair, or mechano-cold definitions as in the Sham group. 262
As showed in the diagram ( All these cells (19/19) showed intense ongoing activity and sub-threshold membrane potential 280 oscillations. After being identified as MS afferents, they were excluded from further analysis. 281
Characteristics of P-RF cells. As with electrical properties of the soma (see below), after pSNL 282 there was a greater effect on RF properties of LTMRs and AHTMRs than on the RF properties of 283
CHTMRs. Representative recordings of these cellular subtypes are provided in Figure 3 . LTMRs 284 from pSNL animals were desensitized compared to Sham, with large increases in mechanical 285 threshold and reductions in RF area ( Fig. 4A and B ). AHTMRs exhibited an opposite effect, with 286 reductions in mechanical threshold and increases in RF area. Additionally, the maximum IF max 287 of response to a peripheral mechanical stimulus was increased in AHTMR after pSNL (Fig. 4C) , 288 consistent with the reduction in their AHP50 described above, whereas this measure of 289 responsiveness was reduced in LTMRs. 290 
AHTMR-pSNL:
Compared with the sham group, these neurons one week after pSNL 314 exhibited no change in CV (Mean: 9.7 m/s ± 1.3). However, they showed a significant increase 315 in sensitivity represented by a reduction in their mechanical threshold (Median: 13.7 mN; Range: 316 0.6-58 mN) (p<0.001) (Fig. 4A) , a significantly increased RF area (Median: 6.8 mm 2 ; Range: 1-20.3 mm 2 ) (p<0.01) ( Fig. 4B ), frequently with (9/17) multiple spots (≥2), post-stimulus 318 discharges (14/17) and a significantly increased IF max (Median: 133 Hz; Range: 47-303 Hz) 319 (p<0.01) (Fig. 4C) . These cells remained unresponsive to vibratory stimulation (256 Hz), except 320 for a few asynchronous APs (out of phase with the stimulus frequency) related temporally only 321 to the initial contact of the tuning fork with the skin. (Table 1 ). In contrast, there were several 335 changes in active electrical properties between the groups, some according to class. Note that we 336 applied a Holm's step-down correction for multiple comparisons, a more conservative statistical 337 approach than is often applied to electrophysiological studies and which reduces error inflation 338 and the risk of type 1 error. Using this approach, there was an effect on LTMR AP slope, with 339 maximum and minimum values being reduced in afferents recorded from pSNL animals (Table 1 ). In addition, there was an effect on AHTMR AHP50, which was decreased in afferents from 341 pSNL animals (Table 1) (Table 1) . 355 AHP duration. Only the fast nociceptive subtype (AHTMR) displayed a significant decrease in 356 both magnitude and duration of its AHP (p<0.05) (Table 1) ( Fig. 4D ). 357
Characteristics of N-RF cells. All 15 of the neurons in Sham animals without mechanical 358
receptive field exhibited an S-type AP profile. Their electrical signature was most similar to the 359 CHTMR population (Tables 1 and 2) . 360
In contrast, there was a nearly even mix of AP profiles in neurons without receptive fields 361 in pSNL animals, with 30 S-type and 51 F-type. As with Sham, the S-type neurons without RF 362 most closely resembled CHTMRs, although they had a broader, more slurred AP than Sham (Tables 1 and 2) . Those with an F-type AP did not display an inflection in their repolarization 364 phase and their electrical signature was intermediate between LTMR and AHTMR (Tables 1 and  365 2). 366
367

DISCUSSION 368
In this report we describe the effects of L5 pSNL on both the RF characteristics and 369 electrical properties of primary sensory neurons in the adjacent L4 ganglion. The behavioral 370 study shows that pSNL produces significant mechanical sensitization of the ipsilateral paw 371 which is consistent with previous studies using this model (Guan et al. 2010 Technical considerations. The current study was performed in young adolescent female rats and 381 includes L4 afferents innervating both glabrous and hairy skin. Although there is enough 382 evidence to suggest that primary sensory neurons in these rats are similar to adult animals 383 (Boada et al. 2010 (Boada et al. , 2011 (Boada et al. , 2012 , whether these observations would parallel those in older or 384 aging animals is uncertain. As regards sex, there is no available information or evidence of any 385 fundamental difference in the response or electrical properties of primary sensory neurons 386 between sexes in rodents. Therefore, while possible, it is highly improbable that the estrous cycle 387 plays a role in the sensory effects described in this study after injury. Further studies are required 388 to clarify this matter. Finally, we combined L4 afferents innervating both types of skin (glabrous 389 and hairy). This is perhaps the most important limitation of our study (Boada et al. 2010 ), since the density, composition and properties of these afferents can vary widely depending upon their 391 target. We classified these afferents into 3 groups (LTMR, AHTMR, CHTMR) based on their 392 most fundamental properties. In our opinion the classification methodology is useful and helps to 393 clearly identify cellular subtypes based on multiple properties and characteristics (Boada et al. 394 2011) , and allows us to compare populations from two conditions (Sham and pSNL) with some 395 confidence of correct classification. In particular, the preservation of response characteristics to 396 vibration remains useful to further classify cells. Since injury resulted in a narrowing if the 397 differences in cellular responses to mechanical activation (increase in threshold in the LTMR 398 and the decrease in threshold in the AHTMR), the unique ability of LTMRs to respond to 399 vibration remained, adding confidence to correct classification . Without this test, it is likely that 400 misclassification of AHTMR as LTMR neurons after injury could easily occur. Furthermore the 401 lack of RF in the mechanically insensitive subset of cells makes definitive classification of cells 402 unreliable; thus the reduced ability to further classify mechanically insensitive cells further from 403 the F and S type based on repolarization properties. This simplification of classification into 3 404 does, however, neglect subclasses of afferents within these groups. Therefore, a more detailed 405 study focused on the effect of nerve injury on individual afferent subtypes innervating particular 406 types of skin would further our understanding of nerve injury induced changes in peripheral 407 sensory activation. This would be particularly valuable if a method of staining specific skin 408 terminals becomes available. 409 L5 pSNL induces major changes in the excitability of L4 afferents. These data show that both 410 nociceptive and non-nociceptive afferents are affected by injury to adjacent afferents. 411
Unexpectedly, the most profound effects appear to be confined to myelinated fibers rather than 412 unmyelinated fibers. 413 L4 RF changes: Nociceptors. Our study shows that after L5 pSNL, both fast-and slow-414 conducting nociceptors (AHTMR and CHTMR) are sensitized in the neighboring uninjured 415 DRG (L4). The reduction in mechanical thresholds of both neuronal subsets and the increased 416 size of the RF of the AHTMR neurons is consistent with the normal sensitization process after 417 skin injury (Boada et al. 2012 ) and the sensitization process previously described for both of 418 these mechano nociceptors (Ma et al. 2003; Djouhri et al. 2012) . Although our data largely 419 support the observations by Djouhri (2012), our findings of a largely increased AHTMR RF size 420 after injury suggest that these neurons may be important in both allodynia and hyperalgesia 421 resulting from nerve injury, a finding that is surprising in putative undamaged cells (Decosterd et Conclusions. In summary, peripheral nerve injury results in sensitization of high threshold 493 mechanosensitive nociceptors but desensitization of low threshold units in adjacent intact 494 afferents innervating the area of hypersensitivity observed in the behaving animal. This is 495 accompanied by expansion and contraction of RF areas in high-and low threshold units, 496
respectively. Injury also produces the appearance of a large proportion of intact afferents which 497 cannot be excited by mechanical stimulation, yet with somatic electrical profiles resembling 498
LTMRs. These data suggest that peripheral input one week after neuropathic injury is grossly 499 abnormal and not merely due to sensitization of afferents across all fiber types. Rather, it 500 suggests that the LTMR desensitization may play a role in peripheral pain type sensations after 501 nerve injury. Furthermore, it may be possible that a strategy to target the desensitization 502 processes of LTMRs could be effective in altering the hypersensitivity or dysesthesias associated 503 with neuropathic pain. 
